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a b s t r a c t 
In this work, the permeability of hydrogen through samples of six Fe alloys was experimentally analyzed. 
The main objective of this work was to determine the inﬂuence of the C content of the alloy in the per- 
meability of hydrogen. Three of the samples, pure Fe, FeP and Fe10%Cr, contained negligible quantities of 
C, whereas the other three, FeC, FePC, and Fe10%CrC, had the same metallurgical composition as their cor- 
responding pair, with the only difference in the carbon content. The gas evolution permeation technique 
was used to measure the hydrogen transport parameter of permeability in these alloys. The experimen- 
tal measurements were carried out with temperatures ranging from 423 K to 823 K and for high purity 
hydrogen loading pressures ranging from 1.0 ×10 3 Pa to 1.5 ×10 5 Pa. 
The experimental permeation results were analyzed using a non-linear least square ﬁtting. The ﬁnal 
resulting values of the permeability were paired off in order to determine the effect of the C content: 
pure Fe versus FeC, FeP versus FePC and Fe10%Cr versus Fe10%CrC. According to the results, the inﬂuence 
of the metallurgical composition of C in Fe alloys on the permeability of hydrogen is discussed together 
with the synergistic effects caused by the presence of P and Cr. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Ferritic-martensitic steels are candidate materials for blanket
tructural components that will constitute the future thermonu-
lear fusion devices. They have favorable thermo-mechanical prop-
rties and they can withstand high neutron irradiation and tem-
erature ranges. In addition, they have the potential for reduced or
ven low-neutron induced activation [1–6] . 
However, the tritium inventory that is retained in different
omponents of the reactor together with the ability of tritium to
igrate through the walls of any material to personnel affected
egions, may affect to the operation of a fusion reactor [7–9] .
herefore, the transport parameters of hydrogen isotopes (protium,
euterium and tritium) through the materials used for the plasma
acing components are fundamental for the ﬁnal design of a fusion
eactor [10,11] . These transport parameters of hydrogen depend on
he different metallurgical components of the Fe alloys [12–16] . ∗ Corresponding author. Tel.: +34946014277. 
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C, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nmeIn this work, the experimental gas permeation technique was
sed to characterize the hydrogen permeability in six different Fe
lloys provided by the European Fusion Development Agreement
EFDA) with controlled chemical alloying elements and microstruc-
ure [17] : pure Fe metal, FeC alloy, FeP alloy, FePC alloy, Fe10%Cr
lloy and Fe10%CrC alloy (see Table 1 ). The experimental results
llow the analysis of the inﬂuence that the alloying element C has
n the permeability of hydrogen for Fe alloys. 
. Material 
The alloys were provided as cylindrical rods of 10.9 mm di-
meter each. As long as the assembly of the permeation column
equires a thin slice of material, the original cylinders were cut
n small disks. This work was carried out by CIEMAT. A cutoff
achine with diamond disks was used to cut the samples to a
hickness of about 1.3 mm. Then, a grinding sequence begins with
20-grit papers and then using progressively ﬁner abrasive grits
60 0, 120 0 and 40 0 0) with the sample ﬁxed in a cylinder glass
ith paraﬃn. During the polishing step, the specimens are pol-
shed with diamond paste (3, 1 and ¼μm) in a napped cloth. By
eating at 353 K, the sample is removed from the cylinder glassnder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 
Chemical alloying elements and microstructure of the tested samples provided by EFDA [5] . 
Material Composition [wt. ppm] Grain size [ μm] Thickness [mm] 
C S O N P Cr min Average max 
Pure Fe 4 2 4 1 < 5 < 2 4 183 650 0.57 
FeC 48 2 2 1 < 5 < 2 5 265 786 0.18 
FeP Centre 3 3 3 1 89 < 2 2 55 227 1.06 
Near the surface 118 475 
FePC Centre 45–46 3 2 1 88 < 2 2 76–107 287 0.97 
Near the surface 33–35 139 374 
Fe10%Cr 4 4 4 3 < 5 10.10 wt% 3 82 259 1.30 
Fe10%CrC 820 2 2 3 < 5 10.10 wt% Not concerned 1.01 
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l  before the cleaning procedure takes place: ultrasonic bath with
acetone, cleaning with soap and water and ﬁnal ultrasonic bath
with ethanol. The sample is then dried in hot air and, once in the
permeation column heated up to 823 K under ultra-high vacuum
(UHV) conditions. The ﬁnal thicknesses of the tested samples are
shown in Table 1. 
3. Experimental 
The permeability of H through the samples was measured by
means of gas evolution permeation technique [14-16] (see Fig. 1 ).
The recording of the pressure increase due to the gas ﬂux that
passes through a thin membrane of the material from a constant
high gas pressure ( p h ) region to a low-pressure region at initial
UHV conditions is the basis of this experimental technique. This
measurement of the pressure increase is made by means of two
capacitance manometers (Baratron MKS-Instr USA), P1 and P2 with
full scale range of 10 0 0 Pa and 13.33 Pa, respectively. Fig. 2 showsPG 
PG 
V1 
F 
S 
HPT 
UHV1 
T1 
T2 
UHV2 
High-pressure 
region 
Fig. 1. Schematic view of the permeation facility. PG, Penning gauge; F, furnace; PC, press
S, specimen; T1, T2, Ni/Cr–Ni thermocouples; P1, P2, capacitance manometers; UHV, ultra
Please cite this article as: I. Peñalva et al., Inﬂuence of the C content o
C, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme typical permeation signal obtained for FePC alloy at 475 ºC with
 loading pressure of 1.5 bar. The mathematical analysis of the
teady-state permeation ﬂux allows the precise evaluation of the
ermeability under diffusion-limited regimes. 
The temperature of the sample is measured by a Ni–Cr/Ni ther-
ocouple inserted into a well drilled in one of the two ﬂanges of
he permeation column. This temperature is ﬁxed by means of an
lectrical resistance furnace (F) regulated by a PID controller. The
ressure controller (PC) is responsible for the control of the pres-
ure of the high-pressure face of the specimen to any desired gas
riving pressure, which is measured by means of a high-pressure
ransducer (HPT). 
There are three ultra-high vacuum pumping units, UHV, that
ump down the inner volumes of the rig to the desired vacuum
evel. Three Penning gauges PG in different zones of the facil-
ty check the vacuum state and a quadrupole mass spectrometer
QMS) is available to check the purity of the gas and the vacuum
evel. Before every experimental test with high purity hydrogenP2 
Primary pump 
UHV3 
Turbomolecular 
pump 
H2 supply 
QMS 
PG 
PC 
P1 
Low-pressure 
region 
ure controller; HPT, high-pressure transducer; QMS, quadrupole mass spectrometer; 
-high vacuum pumping units; V1, calibrated volume. 
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Fig. 2. Typical experimental permeation curve (FePC, p h = 1.5 bar, T = 475 ºC): transi- 
tory permeation regime, steady-state permeation regime and deﬁnition of the time 
lag τ L . 
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d  99.9999%), UHV state is reached inside the rig (up to 10 –7 Pa) and,
herefore, the absence of any oxygen, water vapor or any other
eleterious species that may provoke surface oxidation of the spec-
men (S) can be assured. 
. Theory 
The transport of hydrogen through the material can be lim-
ted by the interstitial diffusion of the gas through the bulk of
he material or by the physical–chemical reactions that can take
lace in the surface, apart from the interaction with dislocations,
rain boundaries and impurities of the alloy [18] . The objective of
his work is to characterize permeability ( ) of hydrogen under
iffusion-limited regimes, where the transport parameters that de-
ne transport of hydrogen through the tested samples are the dif-
usivity ( D eff), the permeability ( ) and the Sieverts ´ constant [19] .
hese parameters are evaluated for each temperature ( T eff) and
oading pressure ( p h ). In order to get these values, the pressure in-
rease in the low-pressure region due to the permeated ﬂux is ex-
erimentally recorded. A non-linear least-squares ﬁtting to the ex-
erimental data is then carried out. The theoretical expression for
he pressure increase during time, p ( t ), is obtained solving Fick ´s
econd law and gives [20,21] : 
p ( t ) = R · T eff 
V eff 
[
 · p h 1 / 2 
d 
A · t −  · p h 
1 / 2 · d 
6 D eff 
A 
− 2 · p h 
1 / 2 · d 
π2 D eff 
A 
∞ ∑ 
n =1 
( −1 ) n 
n 2 
exp 
(
−D eff 
n 2 π2 
d 2 
t 
)] 
(1) 
here, d is the thickness of the specimen, A the specimen
rea exposed to the gas volume, R is the ideal gas constant
8.314 J K –1 mol –1 ), V eff is the effective volume where the perme-
ted gas is retained and T eff is the temperature of the volume. The
olume V eff is precisely measured in each experimental permeation
est by performing gas expansion to a calibrated volume. The ﬁrst
wo addends inside the bracket provide important information of
he steady-state permeation regime whereas the third addend is
esponsible for the deﬁnition or the transitory permeation regime. Please cite this article as: I. Peñalva et al., Inﬂuence of the C content o
C, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nmeWhen considering a very large period of time ( t → ∞ ), Eq. (1)
hows the evolution of pressure with time for the steady-state per-
eation regime: 
p ( t ) = R · T eff 
V eff 
[
 · p h 1 / 2 
d 
A · t −  · p h 
1 / 2 · d 
6 D eff 
A 
]
(2) 
This expression corresponds to the steady-state ﬂux observed
n Fig. 2 as a linear tendency on the right-hand side. When the
traight line is extended down to cross the abscise axis in the time
o-ordinate a characteristic time known as time-lag is obtained: 
L = d 
2 
6 D eff 
(3) 
The value of the permeability, , can be derived from the slope
f the straight line in the steady-state permeation regime ( Fig. 2,
q. (2) ) and the diffusivity ( D eff) can be derived from the value
f the time lag ( Fig. 2, Eq. (3) ). Nevertheless, a non-linear least-
quares ﬁtting to all the experimental points of each single test
as been preferred with the general expression given by Eq. (1) in
oth the steady-state region and the transitory region. When the
xperimental points recorded for one test ﬁt the theoretical equa-
ion, results obtained for the transport parameters turn out to be
ore reliable. In any case, the non-linear least-squares ﬁtting and
he direct calculation of the transport parameters with the slope
f the straight line and the time-lag, produced very similar results,
hich is a good indicator of the accuracy of the method. The Siev-
rts ´ constant ( K S,eff) can be derived from the quotient of the pre-
ious transport parameters: 
 S , eff = / D eff (4) 
The studied transport parameter in this work is the permeabil-
ty ( ). This parameter relates the ﬂux of the gas in the steady-
tate regime ( J ) through one slice of the material deﬁned by its
hickness ( d ), due to the pressure difference between the oppo-
ite surfaces of the slice ( p 1 and p 2 ). Under steady-state regime,
iffusion-limited ﬂux is described by Richardson ´s law: 
 = 
d 
(p 1 / 2 
1 
− p 1 / 2 
2 
) (5)
The permeability shows an Arrhenius type dependency with the
bsolute temperature T : 
( T ) = 0 · exp 
(−E 
RT 
)
(6) 
here E  is the permeation activation energy. Analogously, diffu-
ivity and Sieverts ´ constant show analogous Arrhenious tenden-
ies. 
. Results and discussion 
More than 60 individual permeation tests were carried out
ith each one of the six samples described before. The temper-
ture range was from 423 K to 823 K and loading pressures from
.0 ×10 3 Pa to 1.5 ×10 5 Pa. In all cases, a diffusion-limited regime
as conﬁrmed for the tested experimental ranges of pressures and
emperatures by means of the analysis of the proportionality of the
teady-state ﬂux to the square root of the loading pressure, which
s characteristic of diffusion-limited regime. As an example Fig. 3
hows these proportionalities for the FeCP alloy, where the powers
btained ( J ∝ p h 0.5 ) were in the range from 0.505 to 0.598, with an
verage value of 0.556. The rest of the alloys show similar values
or the aforementioned powers which indicates a diffusion-limited
ermeation regime [22] . The veriﬁcation of the diffusion-limited
egime does not imply that surface effects do not appear. In fact,
he surface condition may affect signiﬁcantly the processes of hy-
rogen permeation [23] . Nevertheless, in this case, once the steadyn the permeation of hydrogen in Fe alloys with low contents of 
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Fig. 3. Experimental hydrogen permeation steady-state ﬂux in FeCP alloy: conﬁr- 
mation of diffusion limited regime ( J ∝ p h 0,5 ) with experimental powers that are in 
the range from 0.505 to 0.598. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Arrhenius plot of the ﬁtted permeability of pure Fe and FeC alloys for the 
highest loading pressures at each temperature. 
Fig. 5. Arrhenius plot of the ﬁtted permeability of FeP and FePC alloys for the high- 
est loading pressures at each temperature. 
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s  state regime is achieved, the ﬂux rate of hydrogen that permeates
through the sample turns out to be limited by diffusion in the bulk
of the material. 
The non-linear least-squares ﬁtting of the experimental curves
carried out for every permeation test (different loading pressures
and temperatures in each case), lead to the calculation of the per-
meability. As expected ( Eq. (6) ), these values showed an Arrhenius
type dependency with temperature. Table 2 summarizes the cor-
responding preexponencial values and the activation energies for
permeability [14-16] . These results are also shown graphically in
Figs. 4–6 . Additionally, values for diffusivity and Sieverts ´ constant
are also provided in Table 2 . 
The comparison between the results obtained for the pure Fe
alloy and the FeC alloy is the direct way to analyze the inﬂuence
of C in the transport parameters without taking into account the
synergistic effects caused by the presence of P and Cr. According
to the results with these two alloys, permeation activation ener-
gies for both samples are similar with a small increase of the per-
meation prefactor for the FeC alloy. Fig. 4 shows this increase of
the permeability due to the presence of low content of C for the
highest loading pressures (typically p h =1,5 ×10 5 Pa) at each tem-
perature. These results are in good agreement with data shown
in literature [12–16] : the permeation activation energy is not af-
fected but addition of very low contents of C increases slightly the
permeability; then, this tendency is inverted and permeability de-
creases as C content is increased [13] . The interaction of H with
the bulk material seems to be slightly affected by the presence
of low contents of C. This could be due to the direct interaction
of H with C or with traps generated in the lattice by the additionTable 2 
Experimental permeability of hydrogen for the tested alloys. 
Material 0 [mol m 
–1 Pa –0.5 s –1 ] E  [kJ mol 
–1 ] D 0 [m 
2 
Pure Fe 3.11 ×10 –8 35.1 7.28 ×1
FeC 6.87 ×10 –8 37.1 –
FeP 5.82 ×10 –9 26.5 2.49 ×1
FePC 2.32 ×10 –8 33.6 4.95 ×1
Fe10%Cr 3.46 ×10 –8 39.7 1.30 ×1
Fe10%CrC 5.56 ×10 –8 41.9 4.41 ×1
Please cite this article as: I. Peñalva et al., Inﬂuence of the C content o
C, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nmef C to the alloy. Regarding diffusivity, the small thickness of the
eC alloy sample (see Table 1 ) led to an immediate transition to
he steady-state regime and, therefore, the transitory regime could
ot be characterized. 
The effects caused by the presence of P and Cr together with
 can be analyzed comparing the results of FeP versus FePC and
e10%Cr versus Fe10%CrC, respectively. In the ﬁrst case, we ob-
erved a small increase of the permeation for the alloy containings –1 ] E D [kJ mol 
–1 ] K S0 [mol m 
–3 Pa –0.5 ] E S [kJ mol 
–1 ] 
0 –9 1.3 4.27 33.8 
– – –
0 –8 6.2 2.34 ×10 –1 20.3 
0 –8 9.1 4.69 ×10 –1 24.5 
0 –7 14.4 2.66 ×10 –1 25.3 
0 –8 9.7 1.26 32.2 
n the permeation of hydrogen in Fe alloys with low contents of 
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Fig. 6. Arrhenius plot of the ﬁtted permeability of Fe10%Cr and Fe10%CrC alloys for 
the highest loading pressures at each temperature. 
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[   in the whole region of temperatures that where tested (see
ig. 5 ). The same effect was observed when adding a similar small
uantity of carbon (see Table 1 ) to the pure Fe sample. This seems
o indicate that, regardless of the presence of P, the addition of
mall quantities of C lead to a slight increase of the permeability
f hydrogen. Regarding diffusivity, it seems that there is not any
igniﬁcant inﬂuence when adding small quantities of C. Values are
ery similar in the whole region of temperatures that were tested. 
On the other hand, when comparing the alloys containing Cr,
e did not observe any increase of permeability when adding C
see Fig. 6 ). In general terms, the inﬂuence of the Cr content by it-
elf is a subject of high importance and its inﬂuence has been ex-
ensively studied before [12–15] . Results obtained for permeability
re in good agreement with these data. It seems that the inﬂuence
f the C content is negligible in the case of alloys containing Cr,
s long as the values obtained for the permeability remain almost
he same in these samples for the whole range of temperatures,
ith only a slight deviation at lowest temperatures. According to
hese experimental results, the inﬂuence of the alloying element Cr
eems to hide the effect of C in the case of permeability. However,
he quantity of C added to the Fe10%CrC sample is much bigger
han in the previous two samples (see Table 1 ). This bigger addi-
ion can lead to a different behavior in the crystal lattice. Small
uantities of C would dissolve in the lattice, whereas addition of
igger quantities can lead to the formation of carbides [24] . These
arbides would be responsible for the decrease of the permeability
ith increasing quantities of C, which is documented in literature
13] . Therefore, after a slight increase of the permeability due to
he presence of some tens of ppm in weight of C in Fe alloys, ad-
itional increases of quantities of C would lead to smaller values
f the permeability. In our case, regardless of the presence of Cr,
e observed a negligible effect on the permeability when adding
20 ppm of C in weight. In this case, the effect on diffusivity was
lso insigniﬁcant. 
. Conclusions 
The gas permeation technique was used to study the inﬂuence
f the C content in the permeability of hydrogen by means ofPlease cite this article as: I. Peñalva et al., Inﬂuence of the C content o
C, Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nmeix Fe alloys provided by EFDA with controlled chemical alloying
lements and microstructure. The steady-state permeation ﬂuxes
ere analyzed for every test and a diffusion-limited regime was
onﬁrmed for all the samples. The values of the permeability ( )
ere experimentally measured for every individual test and, as a
esult, an Arrhenius type dependency with temperature of the per-
eability was calculated for every sample. 
According to the results, the effect of the C content on the per-
eability of hydrogen in Fe alloys was analyzed. A slight increase
f the permeability due to the presence of very low content of C
as experimentally measured. The effects caused by the presence
f P and Cr together with C were also studied, showing a negligi-
le inﬂuence in the permeability of H due to the addition of low
ontents of C. 
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